The modified Debye-Einstein approximation model is used to calculate nanoscale size-dependent values of Gruneisen parameters and lattice specific heat capacity for Si nanowires. All parameters forming the model, including Debye temperatures, bulk moduli, the lattice thermal expansion and the lattice volume, are calculated according to their nanoscale size dependence. Values for lattice volume Gruneisen parameters increase with the decrease of the nanowires' diameter, while all other parameters decrease. The nanosize dependence of lattice thermal parameters agree with other reported theoretical results.
Introduction
In the last three decades, in technology, the size of solid state devices has been reduced from the micro to the nano range. All physical and mechanical properties of solids change according to their nanometric size. As an accurate value for specific heat capacity is highly recommended, the effect of body size on the specific heat capacity has recently attracted considerable attention [1, 2] . The specific heat, which is closely related to the free energy [3] , depends on the Debye temper-ature, which is defined as θ D = w D /k B . In the Debye model of the specific heat capacity, θ D is a key parameter that determines the thermal transport dynamic properties. When the size of the solid is reduced, the θ D is no longer constant but changes depending on the object size. This results in changing surface stress, which is directly related to the lattice specific heat capacity [4] .
To calculate the lattice specific heat capacity (LSH) at constant pressure, the anharmonic effects of lattice vibration must be considered. Several attempts have been made theoretically and experimentally to study the heat transfer and specific heat capacity of nanostructured materials. To study the effect of body size on the specific heat capacity, Novotny et al. (1974) , measured the heat capacity of 2.2 and 3.7 nm nanoparticles, Lu demonstrated that the specific heat of a metallic or alloying nanosolid increases as the solid size increases [5] , and Song et al. showed that the specific heat capacity of Al thin films with film thickness varying from 13.5 to 370 nm decreases with the thickness of the Al film [6] . The influence of the surface energy on the properties of small particles is significant. Such forces are generally negligible in the bulk, but at the nanoscale, surface-tovolume ratios become very high. Surface effects can become dominant and change material properties from their macroscopic bulk values.
In this work, attempts are made to calculate the size dependence of the lattice specific heat capacity (LSH) of nanowires by modifying the model originally derived for a bulk state by Licea [7] . The model contains the following parameters: Gruneisen parameter ␥(∞), molar volume V Mol (∞), bulk modulus β(∞) and lattice thermal expansion α p (∞).
Methods of calculation
The relation to calculate (LSH) for solids, reported by Licea-Ioanidis [7] , is
where ␥ is the Gruneisen parameter, V is the lattice volume, β T is the isothermal bulk modulus and α p is the coefficient of isobaric linear thermal expansion (LTE). For Si, due to its monatomic lattice formation, the optical branch θ E T in Eq. (1), disappears and it reduces to
For nanoscale solids, Eq. (2) will take the form
where (r) refers to the nanoscale materials. To calculate the Gruneisen parameter, Moruzzi et al. (1988) have used the quasi-harmonic approximation to include the volume dependence of Debye temperature and thus account for the anharmonic effects as follows:
where D,0 is the Debye temperature corresponding to the equilibrium volume V 0 at 0 K.
, which is only an approximation of the definition of the Gruneisen parameter, thus [8] :
For nanosize solids, Eq. (5) will take the form
The real value of the Gruneisen parameter is not known to a sufficient degree of accuracy, and it is occasionally treated as a semi-adjustable parameter. The value of the Gruneisen parameter of bulk silicon is in the range of +6.95 ±0.67 [9] .
Therefore, the change in Debye temperature due to the change in lattice volume stems from the reduction of nanoscale materials' size (r). Considering the Gruneisen parameter as a function of temperature and applying the resulting Debye-Einstein approximation to a monatomic Si lattice, only the acoustic branch will represent the vibration, so one gets
where γ ac (
T ) represents the Gruneisen parameter for acoustic branches [10, 11] . In Eq. (6), the nanoscale size-dependent lattice volume V lattice (r) is calculated as follows:
The mean bond length dependence on the nanosize wires is [12] :
where Δd mean (r) is the increase in the mean bond length, Δd mean (r c ) is its maximum value,r is the wire radius, r c is the critical radius at which the nanoscale wires melt at zero temperature, S m(∞) is melting entropy (30 J/k for Si) and R is the ideal gas constant, which is equal to 8.314 J/K mol [12] . The critical radius r c is equal to 2h, where h is the first surface atomic layer height, equal to 0.3356 nm for Si. The size-dependent mean bond length will be calculated from d mean (r) = h − Δd mean (r c ). The size dependence of the lattice volume, as shown in Experime nt [32 ] Jin et.al [15 ] Present wor k d mean (r). The size-dependent Debye temperature θ D is calculated from relation [12, 13] :
where T (∞) is the bulk value of melting temperature, equal to 1685 K for Si, and θ D (∞) is the bulk value of Debye temperature, equal to 692 K [14] . The sizedependent melting temperature T(r) changes according to relation [12] :
where V(∞) is the bulk lattice volume. Fig. 2 shows this dependence of melting temperature on size with that reported by Jin et al. and with experimental results reported by Hui et al. [15, 32] . The size dependence of θ D (r) is calculated from Eq. (9) and shown in Fig. 3 with that reported by Lee et al. [16] . The Gruneisen parameter values for bulk silicon are mostly negative. In this work, a value of 1.67 is used for the bulk Si Gruneisen parameter [9] . The size-dependent Gruneisen parameter results according to Eq. (6) are shown in Fig. 4 .
To calculate β IV (r) as shown in Eq. (2), the formula derived by Lam et al. (1987) to calculate the bulk modulus for group IV semiconductors [17, 4] is modified for nanoscale applications in the following form:
where B IV (r) is in (N m −2 ) and V latt (r) is in (nm 3 ). Fig. 5 shows values of B Si (r) versus Si nanowire size with those reported by Jin et al. [15] . The size dependence of lattice thermal expansion (LTE) in Eq. (3) is calculated using the equation applied to tetrahedral nanoscale semiconductors, α(r) = 0.021 3 , where B has a constant value for each group of elements or compounds and is equal to 0.0256 for group IV semiconductors [14] and d o is the bond length for diamond, which is equal to 1.545Å. The size dependence of lattice thermal expansion for Si nanowire is shown in Fig. 6 . The value of LTE for bulk Si is 3.7 × 10 −6 K −1 .
Next, using Eq. (3), the size dependence of LSH C v for a Si nanowire is calculated and shown in Fig. 7 . The LSH C v , which is assumed to follow the Debye model, and the bulk value for reference, which for Si is equal to 19.38 J/mol K, are shown in Fig. 7 [9] .
Analysis of results
The dependence of lattice vibration on nanosize is a useful means of describing and analysing the size-dependent parameters investigated in this work. According to the relation d mean = 15.3(hw P ) − 2 3 [18] , the increase of mean bond length follows the decrease of lattice vibration. Then, from the d mean (r) dependence on nanowire size obtained from Eq. (8), a direct dependence of lattice vibration on size is obtained as shown in Fig. 8 .
However, the decrease of plasmon oscillation shown in Fig. 8 , which is represented by lattice vibration, explains well the decrease of Debye temperature, 11), depends only on bond length, and hence the increase in mean bond length d mean , shown in Fig. 1 , will move the bound electrons from the middistance towards the ion positions, producing a weaker bond and hence lower values of bulk modulus, as shown in Fig. 5 . Since the decrease in temperature in bulk state reduces LSH as well as lattice thermal expansion (LTE), where both are due mainly to the decrease in lattice vibration, then accordingly, the decrease in LTE and LSH with the nanosize reduction shown in Figs. 6 and 7 should also be due to the same effect. However, an increase in bond length corresponds to a decrease in lattice vibration, as shown in Fig. 8 . Although experimental results reported by Yu et al. showed the decrease of LSH with the reduction of film thickness [19] , others showed an increase of LSH [6, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
The LSH depends on different factors, such as θ D , and thus on size, temperature and bound nature. Fig. 7 shows a reduced shape of c v (r) for Si nanowires similar to that of the bulk c v (r) curve of the Debye model, but with the size induced over the whole temperature. The LSHs for Si and its NWs are significantly reduced compared with that of bulk Si. At room temperature (300 K), the LSH of the nanowire is reduced by as much as 36% compared with the silicon bulk value. Others indicate the reduction is 15%-23%, and these results show that the confinement of the nanowire structure substantially alters phonon distributions. The modified phonon spectra in NWs could substantially change their heat capacities. The predication of reduction in heat capacity of Si NWs is caused by the redshift in Si optical phonon modes. As the wire diameter decreases, the nanowire crystal structure induces new optical modes around and below the phonon modes of frequency 200 cm −1 . The high frequency phonon modes are approximately 600 cm −1 and near 900 cm −1 [20] . Zhang et al. showed that c(r) decreases as size decreases in benzyl alcohol nanoparticles, and their predictions correspond with the experimental observations [21] .
Xiaohua et al. showed the interrelation between the thermodynamic and mechanical properties of nanomaterials. These researchers presented the relationship between the variation of these properties and showed decreases in the Debye temperature, Young's modulus and specific heat capacity of Ag nanocrystals as the size decreases [22] .
The bulk state value of ␥(r) was calculated in this work for Si; it is 1.67, as shown in Fig. 4 . With a reduction in nanosize, the lattice periodicity deforms and the lattice vibration thus increases in the case of anharmonicity [14] . This case is represented by the increase of the Gruneisen parameter, as shown in Fig. 4 . Another reason is excitation of the acoustic phonon mode, especially excitation of the low frequency phonons with a similar value of ␥ [23] . A decrease in the size of particles (size effect) leads to a reduction of the specific heat capacity because the number of k-points in the 1st BZ decreases. On the other hand, the transition from bulk to nanoparticle states is equivalent to imposing a negative pressure on the structure, which tends to soften the phonon frequency [24] . Shojaee et al. showed that for smaller particles, the surface effect is more important. In addition, imposing the surface effect on polymorphs results in decreasing the phonon frequency values. As TiO2 polymorphs have a positive Gruneisen parameter, lowering the phonon frequency is equivalent to an increase in the unit cell volume, and this is shown in this work. These researchers also assert that at small sizes, the surface atoms' contribution to the heat capacity becomes very large [25] . Finally, Ruiz et al. showed decreases in the LSH of CoO film as the thickness of thin film decreased from 20 nm to 1.5 nm [26] .
Many researchers reported the decrease of bulk modulus with a size reduction [27] [28] [29] , while others reported the opposite [30] . Upon structure miniaturization to the nanometre regime, the bulk modulus, similar to other parameters, is no longer constant but changes with the shape and size of the solid, as reported by Gu et al., 2007 [4] . According to Eq. (8), the decrease of nanowires' diameter is followed by an increase in lattice volume, and according to earlier explanation, it will weaken the bond between atoms, so a decrease in bulk modulus is expected [31] . Lee et al., 2012 , have proposed that the size dependence of the bulk modulus can be due to the anharmonicity (non-linearity) of the bulk elastic moduli together with the strain resulting from the surface stress [16] . This suggestion fits with the proposal that electron distribution between atoms is a function of their bond length.
Conclusions
The Debye-Einstein approximation model for calculating the Gruneisen parameter and lattice specific heat capacity in bulk crystals can be applied well to nanosize solids. The plasmon frequency oscillation can explain the nanoscale size-dependent Debye temperature, Gruneisen parameter and lattice specific heat capacity. The nanosize dependence of LSH is similar to that of its temperature dependence in bulk crystals. The results obtained for the LSH, Debye temperature, Gruneisen parameter, and bulk modulus agree with other reported theoretical and experimental results.
